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INTRODUCTION
The enzyme phosphatidylinositol 3-kinase (PI3K)
catalyzes phosphorylation of the 3'-hydroxyl group of the
inositol moieties of phosphatidylinositol, phosphatidyli-
nositol 4-phosphate and phosphatidylinositol 4,5 bisphos-
phate to produce the corresponding 3'-phosphorylated
derivatives. PI3K is emerging as the initial step in a signal
transduction pathway employed by a wide range of
growth-related and neurotrophic factors (1,2). The 3'-
phosphoinositides have been proposed to play a role in
NGF-stimulated neurite outgrowth from PC12 cells (3),
growth factor-induced mitogenesis (4), insulin-stimulated
glucose uptake and glycogen synthesis (5), and PDGF-
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stimulated membrane ruffling (6,7). PI3K is also involved
in the action of certain oncoproteins, such as pp60e-src with
which PI3K. interacts (8). The enzyme is a heterodimer
composed of a 85 kDa regulatory (p85) and a 110 kDa
(p110) catalytic subunit (9,10). Upon binding of the reg-
ulatory subunit to tyrosine phosphorylated proteins, the
catalytic subunit is activated. The fungal metabolite wort-
mannin (WT) is a potent inhibitor of PI3K activity in vitro
and in vivo, and has been shown to bind covalently to
the 110-kDa subunit of PI3K (11). It has not previously
been employed to study nerve regeneration.
The goldfish visual system has been explored ex-
tensively as a model of nerve regeneration in the ver-
Abbreviations used: anti-p85, antibody for the 85-kDa subunit of PI
3-kinase; ECL, enhanced chemiluminescence; FBS, fetal bovine se-
rum; NGF, nerve growth factor; NGI, neurite growth index; CNGI,
computerized nerve growth index; NP-40; Nonidet P-40; PI, phospha-
tidylinositol; PIP, phosphatidylinositol phosphate; PI3K, phosphati-
dylinositol 3-kinase; TLC, thin-layer chromatography; WT,
wortmannin.
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The goldfish retina has been used extensively for the study of nerve regeneration. A role for
phosphatidylinositol 3-kinase (PI3K) in neurite outgrowth from goldfish retinal explants has been
examined by means of wortmannin (WT), a selective inhibitor of the enzyme. The presence of
PI3K in retinal extracts was determined by means of immunoprecipitation as well as by an in vitro
assay system for catalytic activity. The relative amount of the p85 subunit of PI3K detected by
western blot in the retina following optic nerve crush was unchanged. WT inhibited goldfish brain
PI3K activity at concentrations as low as 10-9 M, approximating that reported for inhibition of
mammalian PI3K's. Daily addition of 10 - 8M WT to retinal explants, activated by prior crush of
the optic nerve, significantly inhibited neurite outgrowth during a 7 day in vitro culture period,
while a single addition of WT to freshly explanted retina had no effect on neurite outgrowth. These
results suggest that a PI3K-mediated process may be critical for nerve regrowth.
KEY WORDS: Goldfish retina; neurite outgrowth; neuronal regeneration; phosphatidylinositol 3-kinase; Wort-
mannin.
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tebrate central nervous system, since injured optic nerve
axons regrow and reestablish their highly selective pat-
tern of synaptic connections with postsynaptic neuronal
sites in the optic tectum (12). During regeneration, there
is increased RNA and protein synthesis in the retinal
ganglion cells (RGC's; 13) and enhanced routing of
newly synthesized RGC protein to their regrowing axons
(14). A number of potential growth factors appear to
play a role in goldfish optic nerve regeneration (15-17),
and could exert their effects via PI3K-mediated signal
transduction. In addition, tubulins, which increase dra-
matically during regeneration (18), have been shown to
associate with PI3K (19). In this study, we used WT to
investigate the possible role of PI3K on the process of
neurite outgrowth from goldfish retinal explants, and by
implication, on nerve regeneration.
EXPERIMENTAL PROCEDURE
Materials. ATP, aprotinin, bovine serum albumin (BSA), leupeptin,
phosphatidylinositol (PI; from bovine liver), polylysine and wortmannin
(WT) were purchased from Sigma (St. Louis, MO) [g32P]ATP (3000
Ci/mmol) was from DuPont NEN (Wilmington, DE). Silica gel 60 thin-
layer chromatography (TLC) plates were from Merck (Darmstadt, Ger-
many). Dulbecco's modified Eagle's medium (DMEM), fetal bovine
serum (FBS), L15 culture medium and protein-A agarose were pur-
chased from GIBCO BRL (Grand Island, NY). Anti-Rat PI3K (anti-p85)
antibody was from Upstate Biotechnology Incorporated (Lake Placid,
NY). Panasorbin cells were from Calbiochem (La Jolla, CA).
Animals. Goldfish (Carassius auratus), 6-7 cm in body length,
obtained from Grassy Forks Fisheries (Martinsville, IN) were anesthe-
tized in tank water containing 0.04% tricaine methanesulfonate. In-
traorbital crush of the right optic nerve was performed as previously
described (20).
Explant Preparation and Culture. We have demonstrated previ-
ously that explanted goldfish retinas do not extend neurites onto a
substratum, but will do so if the optic nerve is crushed several days
prior to explantation (20,21). Retinas were removed from goldfish 7
days following optic nerve crush, explanted as previously described
(21) onto polylysine-coated plastic dishes, and were maintained at 20-
22°C in a humid chamber in LI5 complete medium (21). After 7 days
in culture, the extent of neurite outgrowth was evaluated (22). Briefly,
the average length of the neurites, in units of explant widths (500 um),
was multiplied by an estimate of neurite density, on a scale of 1-4,
to yield a nerve growth index (NGI). In parallel, a computerized NGI
(CNGI) was assayed by an automated program using digitized low
power video images of the explants from a Wild dissecting microscope
(23). For each experimental group, 5 dishes, containing 9 explants
each, were scored.
For the WT experiments, explants were allowed to attach firmly
to the substratum for 24 h. The culture medium was replaced every
24 h and contained fresh WT, prepared from a 2 mM WT stock so-
lution in DMSO. This was serially diluted to yield the desired exper-
imental range (10-6 to 10-10 M) in L15 complete medium. DMSO was
added to all incubations, including controls to yield a final concentra-
tion of 0.02% (v/v). At this concentration, DMSO had no effect on
neurite outgrowth.
Immunopurification of PI3K from Goldfish Retina. Goldfish were
dark-adapted, anesthetized and euthanized by severing the spinal cord.
Retinas were gently lifted from the underlying pigment layer, separated
from the optic nerve, rinsed with phosphate-buffered saline (PBS), pH
7.4, and mechanically homogenized in lysis buffer (1 ml/retina) con-
taining 137 mM NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM
MgCl2, 1 mM CaCl2, 10% glycerol, 1% Nonidet P-40 (NP-40), 10 ng/ml
leupeptin, 2 ng/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, and
1 mM sodium orthovanadate. The homogenates were centrifuged at
6,000 g for 10 min at 4°C. The supernatants were incubated on ice for
15 min with Panasorbin cells (50 ul/ml) and centrifuged at 6,000 g for
10 min at 4°C. The resulting clear supernatants were incubated overnight
at 4°C with anti-p85 antiserum (5 ul/mg protein), followed by addition
of protein A-agarose beads (50 ul/ml) for 2 h with mixing. Immune
complexes bound to the beads were washed three times with PBS con-
taining 1% NP-40, twice with PBS containing 0.5 M LiCl and 0.1 M
Tris-HCl (pH 7.5), and twice with 0.1 M NaCl containing 1 mM EDTA
and 10 mM Tris-HCl (pH 7.5).
PI3K Activity Assay. The reaction mixtures for measuring PI3K
activity contained 50 ul of the immunoprecipitated enzyme preparation
(representing 1 mg of retinal protein) and 50 ul of PI micelles prepared
by sonicating 800 ug of PI in 1 ml of 20 mM HEPES buffer (pH 7.6)
containing 1 mM EDTA for 45 sec in a Kontes sonicator with a mi-
crotip probe. The mixture was preincubated for 15 min at room tem-
perature with or without various concentrations of WT in 50 jil of
HEPES buffer. The reaction was initiated by the addition of 50 ul of
40 mM MgCl2 containing 200 uM [y-32P]ATP (20 uCi per assay). The
reaction was terminated after 10 min by the addition of 750 ul of ice-
cold CHCl3/MeOH/2 M HC1 (20:40:0.5) followed by 250 ul of chlo-
roform and 250 ul of 2 M HC1. The resulting organic phase and the
interface were extracted with an equal volume of methanol/0.1 M
EDTA (1:0.9). The organic phase was dried, resuspended in 25 ul of
chloroform/methanol (1:1), and spotted on a TLC plate which had
been precoated with 1% potassium oxalate. The plate was developed
in chloroform/methanol/H2O/7.7N ammonium hydroxide (60:47:11.3:
2) (22). 32P-labeled PI 3-phosphate (P13P) was visualized by auto-
radiography and compared with an iodine-stained PIP standard (PI4P
was used, since it is not separated from PI3P and was commercially
available). Radioactivity in P13P was quantitated by liquid scintillation
spectrometry.
Immunoblotting of the p85 Subunit of PI3K. Control retinas as
well as retinas taken several days after unilateral optic nerve crush
(post-crush; PC) were lysed, followed by immunoprecipitation with
anti-p85 antiserum as described above. After washing, immune
complexes were resolved on 10% SDS-PAGE. Separated proteins were
transferred to nitrocellulose paper and analyzed for the presence of
p85 by immunoblotting with anti-p85 antiserum. Bound antibodies
were visualized by an enhanced chemiluminescence (ECL) detection
system, using horseradish peroxidase conjugated to anti-rabbit IgG as
the secondary antibody (Amersham, Arlington Heights, IL).
RESULTS
PI3K Activity in Goldfish Retina. The presence of
PI3K in goldfish retina was demonstrated by means of
immunoprecipitation and western blotting, as well as by
enzyme activity assays. As shown in Fig. 1A, western
blotting of anti-p85 immunoprecipitates and ECL detec-
tion, revealed the presence of a p85-like protein in gold-
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Fig. 2. Specificity of goldfish anti-p85 immunoprecipitation. The im-
munoprecipitates were assayed for PI3K activity by autoradiography
following TLC separation as described in the text. Lane 1, preimmune
serum immunoprecipitates; Lane 2, anti-p85 immunoprecipitates; lane
3, anti-p85 plus 0.5% NP-40; lane 4, anti-p85 plus 100 nM WT.
Fig. 1. Immunopurification of goldfish PI3K. A. Western blot with
anti-p85 antiserum of goldfish retina immunoprecipitated with either
anti-p85 antiserum or rabbit preimmune serum. The prominent spots
above the 45 kDa marker represent IgG's. Detection by ECL. B. Assay
of goldfish PI3K activity. One mg of anti-p85 antiserum immunopre-
cipitated enzyme and 50 ul of PI micelles were incubated in the pres-
ence of 20 uCi [g-32P] ATP. PI3P was separated by TLC and
radioactivity was determined by liquid scintillation spectrometry. Data
are from one of 3 experiment that gave similar results.
fish retina. Control preimmune rabbit serum
immunoprecipitates did not contain detectable PI3K pro-
tein. PI is a convenient substrate for PI3K (24), and was
therefore employed for enzyme activity studies. The re-
action was found to be roughly linear for up to 15 min
(Fig. 1B) and proportional to retinal protein added (not
shown). These kinetic parameters, used for the WT stud-
ies, are similar to those described in mammalian cells
by Serunian et al. (22). We next characterized PI3K ac-
tivity in the anti-p85 immunopurified preparation. As in-
dicated in Fig. 2, PI phosphorylation to PIP was detected
in anti-p85 immunoprecipitates, but not in preimmune
rabbit serum immunoprecipitates. In order to examine
the possible copresence of PI 4-kinase (PI4K) activity in
the preparations, we performed the phosphorylation re-
action in the presence of NP-40, a detergent known to
inhibit PI3K activity and to stimulate PI4K activity (25).
Addition of 0.5% NP-40 to the reaction mixture com-
pletely inhibited the formation of 32P-labeled lipid, in-
dicating the absence of detectable PI4K activity in the
preparation.
WT is a potent and highly selective inhibitor of
broad-specifity mammalian PI3K (2). However, the
yeast VPS34 homolog and the mammalian Pi-specific
PI3K are resistant to this toxin. Thus we tested whether
WT is able to inhibit PI3K activity derived from the
goldfish retina. We found that pretreatment for 15 min
of anti-p85 immunoprecipitates with WT (100 nM), in-
hibit the phosphorylation of PI by 86%. The dose-de-
pendent effect of WT on PI3K activity is shown in Fig.
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Fig. 3. Dose-dependent effect of WT on PI3K activity. Anti-p85 im-
munoprecipitates and PI micelles were preincubated with or without
varying doses of WT for 15 min at room temperature. PI3K activity
was measured as in Fig. 1B. The IC50 value was calculated to be 2 X
10-9 M. Data are from one of 3 experiments that gave similar results.
Fig. 5. The dose-dependent effect of WT on neurite outgrowth from
7 day PC goldfish retinal explants. Retinal explants received daily
medium changes with or without 0.02% (v/v) DMSO with or without
varying doses of WT. Neurite outgrowth was determined after 7 days
by computer automated quantitation of digitized video images yielding
a pixel count (CNGI). Results are averaged from 4 experiments. Error
bars indicate S.E. Doses greater than 10-9 M are significantly different
from DMSO control (* = p < 0.05, ** = p < 0.005 when compared
to DMSO control).
Fig. 4. PI3K levels in goldfish retina. Western blot of anti-p85 anti-
serum immunoprecipitation of retina from goldfish at various times
PC and in controls (unlesioned). Lane 1, control; other lanes indicate
the number of days between nerve crush and explantation. Amounts
of retinal PI3K were not changed following optic nerve crush.
3. WT (10-7 M) inhibits the retinal enzyme completely
and partial inhibition was detected with concentration as
low as 6 X 10-9 M. The IC50 value was calculated to
be 2 X 10-9 M. These values are similar to those re-
ported in other studies (3).
Estimation of PI3K in Retina. To evaluate whether
retinal PI3K is altered following optic nerve crush, we
examined levels of the p85 subunit by means of western
blotting with anti-p85 antibody. The amount of p85 pro-
tein does not appear to change over a 7 day period (Fig.
4) although an additional band, possibly a p85 isoform,
appears in 7 day PC retinas. PI3K catalytic activity was
also found to be unchanged during this period (data not
shown). The same assay, following anti-phosphotyrosine
rather than anti-p85 antibody immunoprecipitation, in-
dicated that the p85 subunit was not detectably subjected
to tyrosine phosphorylation in control or PC retinas (data
not shown).
Wortmannin Inhibits Neurite Outgrowth in Retinal
Explants of Goldfish Undergoing Optic Nerve Regener-
ation. Explants derived from 7 days PC goldfish retina
extend neurites in culture for about 1 week, while retinas
removed from an intact visual system show little or no
outgrowth. Neurite outgrowth is thus a useful in vitro
indicator of nerve regeneration and can be quantitated
by means of a manual (NGI) or automated (CNGI) pro-
cedure. In initial experiments, WT was added to the me-
dium only once, at the time of explantation. There was
little effect observed, with concentrations as high as 10-6
M. In subsequent studies, retinal explants were allowed
to attach to the culture dishes for 24 h prior to WT ad-
dition. WT was then added daily for the entire period in
culture. At 100 nM, WT inhibited neurite outgrowth by
53%, and at 1 uM WT, inhibition was 93% (Fig. 5).
Neurites that grew out in the presence of the toxin ap-
peared to be shorter and less abundant. Dark-field and
phase photomicrographs of representative cultures are
shown in Fig. 6.
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DISCUSSION
The inhibition of goldfish retina PI3K by WT per-
mitted us to assess the involvement of this key enzyme
in nerve regeneration by studying neurite outgrowth in
retinal explants that had been activated by prior crush
of the optic nerve in vivo. An advantage of using selec-
tive interventive agents such as WT is that one may di-
rectly address, in a complex biological tissue, the
question of whether the metabolic step that has been
blocked plays a critical biological role. Thus, in the pres-
ent experiments, we show that WT blocks one or more
essential steps in neurite outgrowth associated with optic
nerve regeneration in the goldfish, a conclusion that
could not have been drawn from measurement of the
amounts of retinal PI3K in control and postcrush retinas.
It is not yet clear whether the inferred critical step(s)
occurs in the RGC body, or locally, at the site of elon-
gation. At concentrations up to 100 nM, WT does not
directly inhibit many enzyme activities thus so far in-
vestigated, including PI4K, tyrosine kinases and protein
kinase C (11), myosin light-chain kinase or protein ki-
nase A (26), many of which are induced in nervous sys-
tem development, and might similarly be induced in
neurite outgrowth during regeneration. Potent effects of
WT on phospholipase A2 (PLA2) have been shown in
bombesin-stimulated Swiss 3T3 cells (27), but it has not
yet been demonstrated whether specific PLA2 blockers
inhibit neurite outgrowth in these cells or whether WT
blocks PLA2 in nervous system-derived cells. In serum-
starved NS-20Y neuroblastoma cells, calmodulin-block-
ing agents prevent neurite outgrowth, while WT and the
protein tyrosine kinase blocker genestein are ineffective
(28). Of possibly greater relevance to the present studies
are those of Kimura et al. (3) who found that WT
blocked neurite outgrowth from PC 12 cells. They further
learned that WT must be replenished, since it is de-
graded in the cell culture with a half life of about 7 hours
at 37.5°C. This corresponds to 22 h at 21°C, assuming
a Q10 of 2 and could account for the observed effective-
ness of daily application of WT in the present experi-
ments. The question of the specificity of WT action was
also addressed in these cells in a study in which NGF-
stimulated neurite outgrowth in PC 12 cells was blocked
by overexpression of a defective p85 regulatory subunit
of PI3K (29).
Assuming in the present instance, that WT does in-
deed act by blocking PI3K, and given the diverse in-
volvements of the downstream products of PI3K, many
additional possibilities for its site of action can be en-
visioned. PI3K was earlier found to have homology with
pp60c-src (3) and a number of other protooncogenes have
Fig. 6. The effect of WT on neurite outgrowth from 500 x 500 |iM
full thickness goldfish retinal explants. Digitized video images of dark-
field microscopy of 7 day retinal explants are shown: A, DMSO con-
trol; B, 10-7 M WT; C, 10-6 M WT. Media were changed daily. The
NGI and CNGI for these explants were, respectively, A, 4.0 and 6776
(pixels); B, 2.5 and 3865; C, 0.25 and 1052. For the entire groups (N
= 16), the values (mean ± S.E.) were: A, 2.97 ± 0.063 and 7416
± 970; B, 1.41 ± 0.41 and 3739 ± 939; C, 0.20 ± 0.133 and 1058
± 804.
since been reported to change in the goldfish visual sys-
tem during regeneration (30,31). pp60c-src expression is
increased in the developing chick visual system (32) as
well as in regenerating rat peripheral nerve (33). It is
alternatively possible that WT blocks neurite outgrowth
at or near the site of elongation. Of possible relevance,
pp60c-src has been localized to growth cones of PC 12
cells (34). The possible biochemical site(s) of WT action
on neurite elongation is not presently known. PI3K has
been shown to bind to tubulin (35), and also appears to
be involved in membrane ruffling, known to occur at the
growth cone (7). Growth cone extension appears to in-
volve actin treadmilling and is modified by gelsolin and
profilin (36), proteins that are regulated by PI(4,5)P2.
The outgrowth of neurites may then involve a balance
of two regulatory pathways, the aforementioned PI3P
pathway and its end products: PI(3,4)P2 and PI(3,4,5)P3,
as well as the product of the PI4K pathway: PI(4,5)P2.
These two pathways diverge from the progenitor lipid
PI, and possible regulatory interactions have been pro-
posed (37,38).
The explant preparation used in the present study
as well as in vivo approaches to optic nerve regeneration
in the goldfish will answer a number questions. For ex-
ample, it will be of interest to ascertain whether PI3K
synthesis is enhanced following nerve crush, and also
whether the enzyme is rapidly or slowly transported in
the newly regenerated nerve, since membranes are rap-
idly transported, while the cytoskeleton is slowly trans-
ported (39).
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